To investigate what the most common ice nuclei are and to identify the sources, bulk chemical aerosol composition obtained from the utilized filter samples is tested for correlations with ice nuclei concentration. It is shown that no significant correlation between the rare ice nuclei and the bulk aerosol chemical composition, which could serve as tracer for a specific aerosol class e.g. of maritime origin, can be made. 
To investigate what the most common ice nuclei are and to identify the sources, bulk chemical aerosol composition obtained from the utilized filter samples is tested for correlations with ice nuclei concentration. It is shown that no significant correlation between the rare ice nuclei and the bulk aerosol chemical composition, which could serve as tracer for a specific aerosol class e.g. of maritime origin, can be made.
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Concentration of ice nuclei ::::::::: nucleating ::::::: particles : is found to increase exponentially with decreasing temperature. measured within this range is found to follow a log-normal distribution. The log-normal frequency distribution , :::: that can be explained by random dilution associated with turbulent, ::::: during : long-distance transport.
To investigate the geographic origin of ice nuclei, source attribution of air masses from dispersion modeling is used to classify the data into 7 typical situations. While no source could be attributed to the ice nuclei active at temperatures higher than -12 • C, concentrations at lower temperatures tend to be elevated in air masses originating from the Saharan desert. velocities ::: and ::::::::: cloud-drop :::::: spectra : on the concentration of IN active at a particular temperature (DeMott et al., 2010) .Very high ::::::::::::::::::::::::::::::::::::::: (Hallett and Mossop, 1974; DeMott et al., 2010 from a cloud in distances meters apart.Satellite observations (e.g. Carro-Calvo et al., 2016) and ground-based remote sensing (Ansmann et al., 2009) show that above -10 ice containing clouds are rare and often cloud top temperatures below -20 are necessary for clouds to glaciate.
Glaciation of supercooled clouds often initiates at the cloud top where ice is formed by immersion freezing (primary ice formation). Ice crystals growing at the expense of cloud droplets (see e.g. Korolev, 2007) settle by gravitation and upon contact 10 with supercooled droplets, secondary ice formation mechanisms (most efficient at -5 ) multiply the ice crystal concentration within the cloud above the number of IN present (e.g. Heymsfield and Willis, 2014; Hobbs and Rangno, 1985; Mossop et al., 1970) .Conditi within marine clouds make them susceptible to ice multiplication processes (Heymsfield and Willis, 2014) so that already few active ice nuclei could lead to the formation of many secondary ice crystals. :: 1). Mossop, 1985; Cooper, 1986 At what concentration ice crystals exert significant : a ::::::::: substantial influence on the properties of the cloud in which they form : , has been addressed by Rangno and Hobbs (1988) . From aircraft and mountaintop observations, : Rangno and Hobbs (1988) identified the significant ice crystal concentrations able to produce precipitation to be on the order of 1 L −1 or more, cf. Fig. 1 .
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In their data-set, such concentrations have been measured in :::::: cumulus : clouds with top temperatures between -5
• C and -10 • C. Carro-Calvo et al., 2016; Rosenfeld et al., 2011) and aircraft observations Hobbs, 1991, 1994 ) agree on a landsea contrast with the tendency of cloud glaciation at higher cloud top temperatures over sea. Carro-Calvo et al. (2016) offer 35 the explanation that the presence of larger sized droplets in maritime clouds, which are required for effective secondary ice formation (Heymsfield and Willis, 2014) could play a role. Several studies (e.g. Hobbs and Locatelli, 1970; Bertrand et al., 1973; Borys and Duce, 1979; Castro et al., 1998) Bigg (1973) or marine organic ice nuclei of biogenic origin aerosolized with the sea spray (Schnell and Vali, 1975; Rosinski et al., 1987 Murray et al., 2012) . In contrast, dust particles activate in a broader temperature range (e.g. due to ::::::::::::: inhomogeneities :: in ::::::::::: composition, ::::::: surface ::::::: structure :::: and the influence of particle size on nucleation efficiency) seen as exponential increase in concentration towards lower temperatures (Bigg, 1961) . If a strong marine source of biological origin
30
exists it can be expected to be detectable as an inflection in IN-concentration at temperatures above -16
• C where the ice nucleating fraction of dust particles is small.
The concentration of potential IN measured at a certain location and temperature undergoes rapid changes (Bigg, 1961; (Bigg, 1958) or ::::: hours ::::::::::: (Bigg, 1961) . This can be seen as indication that in terms of IN the atmosphere is poorly mixed. Pockets of high concentration can be followed by an almost IN free period as air moves by the location of measurement.
The two main factors influencing IN-concentration and variability at a certain location are:
1. the characteristics of the present population of aerosol particles (e.g. size-distribution, composition) 2. transport processes (initial concentration of the IN at its source, location of the source relative to the sampling location, 5 modification and dilution during transport (Anderson et al., 2003) ).
Membrane filter samples have been used to detect ice nuclei at low supercooling since the beginning of ambient INconcentration measurements (Bigg, 1961; (Blanchard and Woodcock, 1980) into the mixed, maritime boundary layer.
Experimental method
150 mm quartz fiber filter, sampled using a Digitel filter sampler (DHA-80) with a PM 10 inlet are used to obtain a time series of 30 ice nuclei concentration with 1-3 day resolution. The PM 10 inlet excludes particles ≥ 10 µm from being sampled. To determine 4 the IN-concentration, 103 random sub-samples, each containing aerosol from an air volume of 37-114 L are punched out of each filter, immersed in 100 µl droplets inside 0.5 ml safe-lock tubes and subject to temperatures down to -25 • C, allowing ice formation by immersion freezing. Freezing by impurities in the water typically sets in below -20 • C. Blank sub-samples taken from filter through which no air was drawn, start to cause freezing below -16 • C. It is not before -20
• C that the filter material initiates ice formation in 50% of the samples. The drop freezing assay is set up following the description in Conen et al. (2012), 5 with the difference that the circular sub-samples used for the present measurements are only 1 mm in diameter. According to Vali (1971) , the cumulative concentration of IN per air volume as a function of temperature (K(θ)) can be calculated by
with N 0 denoting the number of sub-samples, N (θ) the number of unfrozen sub-samples at temperature θ and V the volume of air passed through each 1 mm sub-sample. With the given number of sub-samples, their diameter and sampled air volume 
For clarity of presentation, data in the figures below are shown without the range of uncertainty given in Eq. (2).
During a field campaign in Jan.-Feb. 2016 concentration measurements of IN active at low temperatures, were conducted using 15 the SPectrometer for Ice Nuclei (SPIN). SPIN is a parallel plate continuous flow diffusion chamber designed based on the chamber discussed in Stetzer et al. (2008) . Aerosol was sampled at a flow of 1 L/min through an inlet up on the same 30 m high tower where the PM 10 filter sampler was located. An impactor (TSI, 0.071 cm orifice) was used to limit the particle size sampled with SPIN. For details on the SPIN instrument we refer to the description in Garimella et al. (2016) 4 Temperature spectra of cumulative nuclei concentration
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The temperature spectra ( Filter data at -8 • C, -12
• C and -16
• C are color coded red, green and blue. This data are shown in the same colors in subsequent figures. 
Time series
The variation of ice nuclei concentration with time is exemplary shown for ::::::::: two temperatures become less correlated (R 2 =0.30, R 2 =0.37, R 2 =0.09 for -8
The time series shows no distinct seasonal or inter-annual trends during the four years of measurements (see Appendix B for an inter-annual comparison of season separated IN-concentrations).
Bulk chemical composition
The 24 (EC).
The sampling time allows to resolve aerosol mass concentration and composition on a synoptic scale (on the order of 1000 km).
It is assumed in this sampling strategy, that aerosol composition mainly changes with horizontal changes in air masses (e.g.
frontal systems) that occur on this scale. Additionally, variation in bulk aerosol mass concentration and composition on the synoptic scale can often be related to sources via back trajectories (Anderson et al., 2003) . If IN sources were related to the 5 sources of bulk chemical components, they could be used as tracer to identify source region or aerosol constituents contributing to the IN population. Fig. 3 is determined using the NAME dispersion model (Jones et al., 2007) and classified into 7 categories (as shown in Carpenter et al., 2010) . NAME dispersion footprints are calculated for the air arriving at the site, showing where the air masses had been in the surface layer (0-100m) in the previous 10 days. For each footprint, the proportional residence time in each geographical It is found that log-normal frequency distributions best approximate the measured variability in concentrations at each individual temperature (cf. Fig. 5 ). The suitability of a log-normal distribution to approximate IN-concentrations frequency distributions has been recognized previously by Maruyama (1961) ; Isaac and Douglas (1971) ; Radke et al. (1976) . Isaac and Douglas (1971) An explanation for the log-normal frequency distribution in concentration (such is also often found in concentrations of ambient pollutions) has been given by the theory of successive random dilutions (Ott, 1990) . A log-normal distribution indicates that the initial IN-concentration at the source has undergone a series of random dilutions while being transported. In the case of IN-concentration where ice nucleating particles are lofted from the surface and transported in the free atmosphere to the 30 measurement site, turbulent mixing randomly dilutes the initial concentration. Variation in source strength (e.g. particle concentration) does not change the log-normal standard deviation of the distribution, but causes a shift in concentrations. Only proximity of the measurement location to the IN source, and thus the maximum concentration possible (no dilution) would cause an even more skewed frequency distribution with a stronger downward bend at high concentrations (Ott, 1990) . Neither the frequency distribution obtained from filter measurements nor the measurements with SPIN show this feature. The uni-modal, regular bell shape of the frequency distribution on the log-scale indicates the absence of a strong local source. Measured concentrations can therefore be assumed to represent the background concentration in a subtropic, maritime environment defined by long-range transport. No evidence was found that the ocean is a general source for high IN-concentration in the subtropics. This confirms observations by e.g. Isono et al. (1959) ; Carte and Mossop (1960) ; Hobbs and Locatelli (1970) that IN-concentration in air masses with a purely maritime trajectory tend to be low. Ice nucleating particles that can originate from sea water and are active at low supercooling (Schnell and Vali, 1975; DeMott et al., 2016 ) might be airborne in too low concentrations and Filter samples are collected on timescales of 1 to 3 day sampling time, resolving variations on a synoptic scale (order of 1000 km, typical for frontal systems). The sampling strategy is chosen based on the assumption that concentration and compo-sition of aerosol are constant within the horizontal scale of the air mass passing the sampling spot in this time (Anderson et al., 2003) . Using filter samples aiming for aerosol composition monitoring therefore provide insight into variation and concentration of IN on a synoptic scale. The sampled air volume and the drop freezing method confine the sensitivity of the measurement to the rare IN active at low supercooling. Consequently the present time series obtained from filter samples gives information on the variation and concentration of highly active IN on a synoptic scale. From SPIN measurements (cf. Fig. 5 ) using a sam-5 pling time of 10 s (corresponding to a scale on the order of 100 m), high variability within the synoptic scale is observed.
Although SPIN measurements are at lower temperatures where different particle types contribute to the IN population, the variability of rare IN counts, if it could be observed at high temporal resolution, could be of the same order as the variation in low temperature IN-concentration. Only due to the extend of the filter time series, the range of variability at the sample location partly covers a range of variability that approaches the range observed in the much shorter time domain. This highlights the 10 need to collect large enough (long time-serie or high frequency) data sets to characterize variability and correlation to aerosol properties.
Conclusions
Typical IN-concentrations in the subtropic, marine environment are obtained from 500 particle filter samples collected over 4-year : 4 ::::: years and from a 2-month field campaign with the SPIN instrument. Besides establishing typical concentrations in (e.g. Burrows et al., 2013 to be a threshold concentration (Rangno and Hobbs, 1988) Appendix A: Temperature spectra of cumulative IN-concentration Four exemplary temperature spectra, produced using classical nucleation theory to describe immersion freezing are shown in Fig A1. A contact angle distribution (α-pdf, e.g. Welti et al., 2012) emulates the variation of ice nucleation efficiencies within a macroscopic homogeneous (size, composition) population of particles. Including particle size-distribution describes the effect of different surface area within a particle population of the same material. Comparing the four sub-figures in the top row of properties suffice to approximate an exponential temperature spectra.
Additional discussion of temperature spectra can be found in Bigg (1961) ; Bigg and Hopwood (1963) :::::::::::::::::::::::::::::: Bigg (1961); Bigg and Hopwood (19 Vali (1971) . larger than a certain size is higher for 0.5µm and 1µm than 0.1µm. Non of the correlations is significant.
